The suggestion that the body surface might be used as an additional means of presenting information to human-machine operators has been around in the literature for nearly 50 years. Although recent technological advances have made the possibility of using the body as a receptive surface much more realistic, the fundamental limitations on the human information processing of tactile stimuli presented across the body surface are, however, still largely unknown. This literature review provides an overview of studies that have attempted to use vibrotactile interfaces to convey information to human operators. The importance of investigating any possible central cognitive limitations (i.e., rather than the peripheral limitations, such as related to sensory masking, that were typically addressed in earlier research) on tactile processing for the most effective design of body interfaces is highlighted. The applicability of the constraints emerging from studies of tactile processing under conditions of unisensory (i.e., purely tactile) stimulus presentation, to more ecologically valid conditions of multisensory stimulation, is also discussed. Finally, the results obtained from recent studies of tactile information processing under conditions of multisensory stimulation are described, and their implications for haptic/tactile interface design elucidated. 
Introduction
We chose to begin this paper with a quote from one of the first and foremost researchers to have systematically approached the problem of cutaneous communication using the body surface. The quote, dating from 1960, and the paper from which the quote was taken, nicely highlight the novel interest in the topic as well as the technological constraints limiting the study of tactile information processing across the body at the time that Frank Geldard was writing. What's more, the choice of the date for such a citation is by no means accidental, given that in 1960 a group of investigators conferred at Fort Knox, Kentucky in order to discuss the basic problems associated with any attempt to communicate through the skin (see Hawkes, 1960 , for a summary of the papers presented at that symposium). Therefore, we believe that 1960 can, in some sense, be taken to represent the "symbolic" birth of the first extensive research in this field. The place of the meeting was by no means coincidental either, given the strategic importance at that time (and even today), of studying novel means of communication for both military and civilian purposes.
vantages of developing a better understanding of the limitations in terms of tactile information processing across the body surface. Indeed, the last few years have seen a very rapid growth of interest in the development and utilization of tactile interfaces in a variety of applied settings (e.g., Brown, Brewster, & Purchase, 2006a; Brown & Kaaresoja, 2006; Burnett & Porter, 2001; Castle & Dobbins, 2004; Ho, Tan, & Spence, 2005; Marks, 2006; Sorkin, 1987; Tan & Pentland, 2001; Van Erp, 2000; Van Erp & Van Veen, 2003; Van Erp, Van Veen, Jansen, & Dobbins, 2005) . This interest has, in part, been generated by the widespread belief that the body surface might offer an important (but, at present, relatively underutilized) means of presenting information to interface operators in situations where their other senses either cannot be used, or else, as is more often the case, may already be overloaded (e.g., Deatherage, 1972; Geldard, 1960; Sanders & McCormick, 1987; Sorkin, 1987; Spence & Driver, 1997; Van Veen & Van Erp, 2000; Weisenberger & Miller, 1987) .
Although researchers have been discussing the possibility of transmitting information to human operators using tactile displays for nearly half a century (e.g., see Craig & Sherrick, 1982; Deatherage, 1972; Geldard, 1960; R. H. Gibson, 1963; Hennessy, 1966; Levison, Tanner, & Triggs, 1973; Von Haller Gilmer, 1960 , 1961 , it is only recently that the technology in this area has really developed to a sufficient degree to make this a very practical possibility (e.g., see Benali-Khoudja, Hafez, Alexandre, & Kheddar, 2004 , for a more recent review). A large portion of the early studies tended to focus their attention on the possibilities and limitations associated with "electrocutaneous" forms of bodilycommunication with stimulators (electrodes) placed directly on the skin surface (e.g., Geldard, 1960) . However, many of the earlier studies as well as the majority of more recent studies have tended to focus on trying to identify the limitations associated with the use of "vibrotactile" stimulation (with tactors that can be placed over the top of an interface operator's normal clothing), given the realization that pneumatic, electrocutaneous, and other types of tactile stimulation systems have limited use in the majority of practical settings (though see Kajimoto, Kawakami, Tachi, & Inami, 2004; Sampaio, Maris, & Bach-y-Rita, 2001; Tang & Beebe, 2003 , for recent attempts to use electrocutaneous stimulation to present information to human operators). Therefore, we thought it important to examine the state-of-the-art in terms of current research regarding vibrotactile information processing across the body surface with one eye on the past and the other on the future development of such technologies/interfaces.
The importance of reviewing the available literature on tactile processing across the body is also highlighted by two specific observations. 1) It has recently been suggested that the majority of commercial vehicles will be fitted with some kind of vibrotactile stimulation device by 2020 (Denso Corporation, Japan, personal communication, September 10, 2004 ). Refer to Smith, 2004 , for a recent article concerning one of the first examples of vibrotactile cues being used to alert potentially sleepy drivers in commercial vehicles. Also interesting is the "Lane departure warning system" developed by Citroen, that informs the car driver of any unintended line crossing by vibrating one side of the driver's seat (Times OnLine, 09 January 2005). More recently, the "Touchy Feely Screen" developed by Immersion Corporation, CA, is currently being licensed to automakers, display manufacturers, and other companies (2005) .
2) The first prototypes of body-suit vibrotactile displays for virtual reality applications have recently been developed and are now being formally tested (see Lindeman, Page, Yanagida, & Sibert, 2004; Yano, Ogi, & Hirose, 1998) .
Therefore, the possibility of a future in which the body surface is successfully used as a communication device now appears to be more likely than ever before (see Lindeman et al., 2004; Yano et al., 1998) . Note, however, that the great excitement and interest associated with using tactile stimulation to present complex information to humans (even the idea of a completely new tactile language "vibratese" has been proposed; see Geldard, 1960 ; see also Hennessy, 1966; Sherrick, 1985; von Haller Gilmer, 1961) , and the large amount of human and financial resources that have been devoted to achieving this goal since the 1960s, have not actually given rise to the tangible improvements in tac-tile communication that were promised all those years ago. This surprising lack of applied success might, in part, we believe, be related to the fundamental failure of early research to consider the central/cognitive as well as the peripheral limitations that may constrain tactile information processing across the body surface. (It is, though, perhaps worth noting that the majority of early research in this area was directed toward the development of sensory substitution systems for visually and hearing impaired individuals, rather than to the design of human-operator communication devices for fully enabled individuals). A similar problem has also beset much of the more contemporary research. For example, the iDrive system, co-developed by Immersion Corporation and BMW, provides one recent example of a well-engineered interface that, we would argue, simply demands too many cognitive resources from its userthe driver.
Therefore, given that technology has now moved on, one of the principle aims of the current review is to stress the importance of studying the central/cognitive aspects of tactile communication, in order to build upon our knowledge of the peripheral limitations in tactile information processing already established by earlier research. It should always be borne in mind that technological advances by themselves will not lead to the design of particularly effective and usable tactile interfaces for human-machine operators, without the support provided by the concurrent study of the limitations constraining human information processing! That is, optimal haptic/tactile interfaces require that the technological innovations match the human operator's sensory information processing capacities.
In this review, early studies in which the sensory limitations on tactile information processing were first described will be compared to more recent studies in which some of the more central (i.e., as opposed to peripheral) limitations on tactile information processing are only now beginning to be studied. We are particularly interested in the fundamental limitations on the types of tactile stimulation patterns that can be effectively used in a wide variety of applications such as automobile collision warning systems for drivers, the enhancement of the sense of "presence" in virtual reality settings, and the development of situation awareness displays for astronauts. The new advances in multisensory research and their relevance to identifying the limits in tactile information processing across the body will also be discussed.
Tactile Processing across the Body Surface
Although researchers have, for many years, been interested in the potential use of tactile displays to present information to interface operators (e.g., Deatherage, 1972; Geldard & Sherrick, 1965; Hennessy, 1966; Hirsch, 1974; Triggs, Lewison, & Sanneman, 1974) , current research in this area has primarily been driven by recent advances in technology that have provided inexpensive and effective means of vibrotactile stimulation (e.g., Benali-Khoudja, Hafez, Alexandre, & Kheddar, 2004; Ho, Tan, & Spence, 2005, in press; Lindeman, Yanagida, Sibert, & Lavine, 2003; Rupert, 2000; Sorkin, 1987) . Over the years, researchers have investigated the effectiveness of vibrotactile stimuli (and also proprioceptive cues) presented to the torso (e.g., Ho, Tan, & Spence, 2005; Jones, Lockyer, & Piateski, 2006; Lindeman, Yanagida, Sibert, & Lavine, 2003; van Erp, 2005; van Erp & van Veen, 2004) , head (e.g., Gilliland & Schlegel, 1994) , hands (e.g., Burke, Gilson, & Jagacinski, 1980; Schumann, Godthelp, Farber, & Wontorra, 1993; Vitense, Jacko, & Emery, 2003) , wrists (Sklar & Sarter, 1999) , buttocks (Lee, Hoffman, & Hayes, 2004; McGehee & Raby, 2003) , and even to the feet Janssen & Nilsson, 1993; Janssen & Thomas, 1997; Kume, Shirai, Tsuda, & Hatada, 1998) .
Research over the last decade has demonstrated that tactile displays can be effectively used to convey information under conditions of high gravitational load when visual information may be severely degraded (e.g., van Veen & van Erp, 2000 ; although see Bhargava et al., 2005) . It has also been shown that tactile stimulators placed on the body (i.e., over clothing) can be used to successfully resolve the spatial disorientation experi-enced by pilots (e.g., Rupert, 2000) , as well to convey aircraft position and motion information (e.g., Levison, Tanner, & Triggs, 1973; Rupert, Guedry, & Reschke, 1994) . Tactile interfaces have even been used to support the orientation awareness of astronauts in micro-gravity environments (van Erp & van Veen, 2000) . A growing number of studies have also started to investigate the potential for using tactile displays to provide route finding information to travelers van Erp, van Veen, Jansen, & Dobbins, 2005 ; see also Nagel, Carl, Kringe, Martin, & Konig, 2005) , to improve the perception and composition of music (Gunther & O'Modhrain, 2003) , to cue driver attention in vehicular settings (e.g., Ho, Tan, & Spence, 2005 , 2006 Lee, Hoffman, & Hayes, 2004) , to provide silent alerts to mobile phone users (Brown & Kaaresoja, 2006; Brown, Brewster, & Purchase, 2006b) , and/or to manipulate a user's visual attention in a variety of multisensory task settings (e.g., Gray & Tan, 2002; Hopp, Smith, Clegg, & Heggestad, 2005; Hopp-Levine, Smith, Clegg, & Heggestad, 2006; Tan, Gray, Young, & Traylor, 2003) .
Tactile displays have also been used to signal contact with a remote object in teleoperation and virtual environment applications (e.g., Dennerlein, Millman, & Howe, 1997) , as well as to provide crude force information from a remote robot to the human operator for dexterous telemanipulation (e.g., Murray, Klatzky, & Khosla, 2003; see Howe & Matsuoka, 1999 , for a description of a remote palpation system capable of conveying tactile information from the inside of a patient's body to the surgeon's fingertips during minimally invasive robotic surgical procedures; see also Kajimoto, Kawakami, Tachi, & Inami, 2004) . Tactile interfaces have been used to enhance the realism, or the sense of presence, of virtual events such as tapping (e.g., Okamura, Cutkosky, & Dennerlein, 2001 ), handling contacts (Lindeman, Templeman, Sibert, & Cutler, 2002) , and even driving a scooter (Deligiannidis, 2005; Deligiannidis & Jacob, 2006) in a virtual environment (see also Hoffman, 1998; Hoffman, Hollander, Schroder, Rousseau, & Furness, 1998; Kontarinis & Howe, 1995; see Carlin, Hoffman, & Weghorst, 1997 , for the use of tactile stimuli in virtual reality environments to treat certain phobias). Tactile stimulation, in the form of haptic interfaces, has also been adopted in concert with stimulation from other sensory modalities in order to provide reliable feedback in a variety of different interface settings, such as, for example, in mouse-pointing tasks (e.g., Akamatsu, MacKenzie, & Hasbroucq, 1995;  see also Cockburn & Brewster, 2005; Hoffman et al., 1998; Vitense, Jacko, & Emery, 2003) .
One advantage associated with the use of tactile displays is that they might not be affected by many of the limitations that constrain a person's ability to process information in the other sensory modalities (such as vision or audition). For example, tactile information appears to degrade less than visual information in high-G load environments (see van Veen & van Erp, 2001) , is not adversely affected by high levels of background noise (see Brown, Galloway, & Gildersleeve, 1965; Wilkins & Acton, 1982) , is not dependent for its effectiveness on the current direction of fixation (as is vision), and finally, temporal discrimination performance has been shown to be superior in touch than in vision (e.g., Lechelt, 1975; Spence, Shore, & Klein, 2001) . Indeed, it has even been suggested that tactile stimuli may have an automatic ability to capture attention (see Geldard, 1960; Gilson, Ventola, & Fenton, 1975; Von Haller Gilmer, 1960) . Moreover, it has been argued that the 3D nature of the body surface might facilitate the interpretation of 3D spatial information that typically has to be translated from 2D when presented visually (e.g., van Veen & van Erp, 2001 ; see also Jeram & Prasad, 2005) .
Despite the rapidly growing increase of interest in the use of tactile interfaces in a variety of application settings, tactile information processing has been studied in far less detail than the processing of stimuli in other sensory modalities, such as vision and audition. What's more, the majority of psychophysical studies that have attempted to investigate the nature of any fundamental limitations on tactile information processing have typically tended to restrict their stimulus presentation to small and highly sensitive regions of the skin surface, such as the fingertips (e.g., Ginsburg & Pringle, 1988; Hillstrom, Shapiro, & Spence, 2002; Spence, 2002) , and, even more recently, the tongue (see Kupers & Ptito, 2004; Sampaio, Maris, & Bach-y-Rita, 2001 ). Consequently, the information processing limitations affecting stimuli presented to the rest of the body surface are, with very few exceptions (see Cholewiak & Collins, 2000 Cholewiak, Brill, & Schwab, 2004; Geldard & Sherrick, 1965; Weinstein, 1968) , largely unknown.
Moreover, although the hands may well have better discriminative power than the rest of the body surface (note also that a larger proportion of the somatosensory cortex is devoted to the representation of the hands than to other parts of the body given their relative size; e.g., Nakamura et al., 1998; Narici et al., 1991; Penfield & Boldrey, 1937) , the fact that the majority of human interfaces already require their operators to use the hands actively (e.g., to steer, to change gear, and/or to operate the controls in a vehicle; see Burke, Gilson, & Jagacinski, 1980) , highlights the importance of investigating the potential for using other parts of the body surface as an alternative means of information presentation (e.g., McGehee, Raby, Lee, & Nourse, 2001; Rupert, 2000; Van Erp & Van Veen, 2003) . Given their relative underutilization as "receiving surfaces" for informational transfer, stimulation of certain body parts (such as the backside) might prove to be far more effective in alerting human operators than stimulation presented to the hands. What's more, the relatively poor spatial resolution of the back is well compensated for by the larger contiguous area for stimulation that it provides (see Tan et al., 2003) .
Second, in many real-life interface environments, the stimuli that a human operator will need to process and respond to will likely occur in a variety of different sensory modalities (i.e., in the case of an aircraft pilot, visual signals from an airplane's instrumentation panel, auditory instructions from flight control, and tactile signals from any vibrotactile interface or stick shaker; see Spence & Driver, 1997) , leading to the necessity of studying such limitations on tactile information processing across the body surface under the more realistic conditions of multisensory stimulation (at least if one's aim is to elucidate the actual limitations constraining effective tactile information processing in real-word environments).
Low-Level Limitations on Tactile Information Processing
Early studies in which researchers attempted to investigate tactile perception across the body surface have given rise to a wealth of knowledge regarding psychophysical thresholds (i.e., relative discriminability or spatial resolution as measured by two-point discrimination thresholds, as well as frequency and amplitude discrimination thresholds) for stimuli presented to different body locations (e.g., Weinstein, 1968 ; though see Johnson, Van Boven, & Hsiao, 1994 , for some of the problems associated with the use of the two-point discrimination threshold to assess tactile spatial resolution; and see Gibson & Craig, 2002; Stevens & Choo, 1996 , for alternative means of measuring tactile acuity across the body surface involving participants having to try and detect spatial gaps in a stimulus presented on the skin surface).
The focus of much of this early research was on mapping the low-level and/or peripheral constraints on information processing for stimuli presented in isolation and typically in the absence of any simultaneous stimulation to another sensory modality (i.e., under conditions of unimodal stimulus presentation; e.g., Brown, Spern, Schmitt, & Solomon, 1966; Cholewiak et al., 2004; Geldard & Sherrick, 1965; Verrillo & Gescheider, 1992; Weinstein, 1968) . Most studies were primarily motivated by the desire to assist individuals with severe visual and/or hearing impairments through sensory substitution. Novel devices, known as "tactile vision substitution systems" (TVSS) were developed. These devices enabled a visual image scanned by a televisiontype camera to be converted into patterns presented to the skin by means of a 2D matrix of tactile stimulators (e.g., Bach-y-Rita et al., 1969). The TVSS was utilized during the early 1970s to study the ability of visually impaired individuals to interpret visual information presented to the skin (e.g., Bach-y-Rita et al., 1969; Collins, 1970; Craig, 1973; Linvill & Bliss, 1966; White, 1970; see Bach-y-Rita, 2004 , for a review; see also Back-y-Rita, Webster, Tompkins, & Crabb, 1987 ; for a more recent attempt to use TVSS in different applied settings see Saunders, Hill, & Franklin, 1981 , for the use of tactile sensory substitution systems in deaf children).
Extensive research has shown that participants can use such TVSS devices to correctly and "intuitively" perceive simple patterns of stimulation, such as vertical, horizontal and diagonal lines. By contrast, only expert and well-trained users could identify common objects or faces (e.g., Bach-y-Rita, 1972; see also Bach-y-Rita, 1974 , for the report of certain expert users being able to perform electronic assembly under a microscope using TVSS). The poor spatial resolution of the skin surface (as compared to the retina), however, prevented the TVSS from being used successfully for tasks such as the exploration of visual environments or navigation (though see Segond & Weiss, 2005 , for a recent attempt to use a TVSS device to facilitate spatial navigation). Only one of the TVSS devices survived over the years and obtained a relatively large commercial and applied success: the "Optacon" developed by Bliss, Katcher, Rogers, and Shepard (1970) . This device converted printed letters scanned by a camera to vibrotactile patterns of stimulation presented to the fingertips and was reported to allow expert users to read up to 90 words per minute.
It appears clear therefore that researchers in the 1970s focused on characterizing a user's ability to use the body surface for displaying images or communicating speech, rather than on exploring the nature of any higher-level (or more cognitive) information processing limitations that may be evident under more ecologically valid conditions of parallel stimulation across the body surface presumably involving central processing and most likely multisensory stimulation.
The earlier studies exploring tactile perception showed that certain parts of the body, such as the hands and the face, had lower detection and two-point, frequency, and amplitude discrimination thresholds (see Verrillo & Gescheider, 1992; Weinstein, 1968) than other parts of the body (such as, for example, the feet and legs). That is, when tactile stimuli are presented on these body surfaces, less pressure needs to be applied in order for people to detect the presence of stimulation. Moreover, people are able to discriminate that two (rather than one) stimuli have been presented at the same time at smaller interstimulus distances on these areas than for distances presented on other areas of the skin, and people also tend to exhibit higher sensitivity to changes in the frequency and/or amplitude of vibrotactile stimulation (although note that Summers et al., 2005 , have reported better amplitude discrimination performance for tactile stimuli presented on the palmar surface of the wrist than for stimuli presented to the fingertip; see also Verrillo & Chamberlain, 1972) .
Research has shown that when different locations across the whole body surface are assessed, the larger the separation between the points of the skin stimulated, the better the participant's performance in reporting the location of stimulation (e.g., Cholewiak & Craig, 1984 ; see also Cholewiak et al., 2004 ; for a similar result obtained under conditions where the stimuli were presented at sites around the abdomen). It is also interesting to note that performance in identifying the specific bodily location that has been stimulated is better when the stimuli are presented near some anatomical reference points or "anchors" (i.e., the wrist, elbow, shoulder of the arm, spine, and navel; Cholewiak & Collins, 2003; Cholewiak et al., 2004) . Finally, the perceived position of the stimuli presented at different body locations has been shown to be shifted toward the location of these body anchors (e.g., Cholewiak & Collins, 2003) .
Central Limitations of Unimodal Information Processing
As mentioned above, most research on tactile communication systems that has attempted to utilize the body surface has typically evaluated a user's ability to receive images on their back (e.g., think of the TVSS system introduced by Bach-y-Rita, Collins, Saunders, White & Scadden, 1969) , or text on the torso (e.g., the "vibratese" language by Geldard, 1957) or over the entire body surface (e.g., the "optohapt" system introduced by Geldard, 1966a Geldard, , 1966b . There are many reasons why these earlier prototypes did not enjoy commercial success (except for the simpler versions such as TactaidVII), with the key reason most likely being the complexity of the coding scheme and the amount of training required before a user became proficient (see Tan & Pentland, 2001 , for a review). Not surprisingly then, the recent trend appears to be toward presenting much simpler vibrotactile patterns on the body surface using duration, intensity and location cues to convey information that has a natural mapping to the body surface (e.g., using the tactors on a belt around the torso to indicate the heading in which a boat should be directed), assuming that high-level performance can be achieved by using simple and distinct tactile stimulation patterns. As we will show later in this review, however, there are fundamental cognitive limits on a human's ability to process even highly discriminable tactile stimuli.
Over the last 50 years, a numbers of different welldocumented fundamental limitations have been reported to affect visual information processing (note that the majority of studies of central information processing in humans have been carried out in the visual modality; see Pashler, 1998) , in particular with regard to the number of items that can be selected or consciously represented at any one time (see Atkinson, Campbell, & Francis, 1976a; Jevons, 1871; Kaufman, Lord, Reese, & Volkmann, 1949; Lechelt, 1971; Saltzman & Garner, 1948; Trick & Pylyshyn, 1993; see Cowan, 2001 , for a review). That is, the majority of visual studies in which participants were required to enumerate the number of stimuli presented in a display at any one time have reported there to be a difference in the accuracy and latency of behavioral responses when small versus large numbers of items were presented (e.g., Atkinson, Campbell, et al. 1976a; Atkinson, Francis, & Campbell, 1976b; Jevons, 1871; Trick & Pylyshyn, 1993 Weiss, 1965) . When the number of items presented is small (typically between one and four stimuli) they appear to be processed very rapidly and nearly errorlessly (e.g., Atkinson, Campbell, et al., 1976a,b; Atkinson, Francis, 1976) . Increasing the number of items presented above four typically produces a large increase in both average response latencies and in error rates, often giving rise to a discontinuity in the slope of the latency and error functions.
Visual limitations have also been reported to affect the ability of people to correctly detect the presence of changes introduced between one visual scene and the next, both in laboratory settings, and under more ecologically valid conditions (showing people surprisingly failing to perform this task accurately; a phenomenon known as "change blindness"; e.g., DiVita, Obermayer, Nugent, & Linville, 2004; French, 1953; Grimes, 1996; Hochberg, 1968; Rensink, 2002; Velichkovsky, Dornhoefer, Kopf, Helmert, & Joos, 2002) .
Limitations in information processing have also been studied when tactile stimuli are presented to the fingertips. For example, Lechelt (1974) reported that people's tactile temporal numerosity judgments were linearly related to the number of stimuli presented (with a slope less than 1; i.e., showing non-optimal performance), and that the slope of the function fitting the performance data was influenced by the rate of stimulus presentation (with performance decreasing rapidly as the rate of stimulus presentation increased above 12 stimuli/sec; see also Lechelt, 1975; Riggs et al., 2006) . However, it is only recently that similar limitations in unimodal tactile information processing have been investigated across the body surface. In particular, Gallace, Tan, & Spence (2006a) presented variable numbers of vibrotactile stimuli in parallel over the body surface while the participants in their study had to report the number of stimuli that they perceived. The results of these experiments showed that the accuracy of a participant's numerosity judgments when counting up to 7 vibrotactile stimuli distributed across the body surface decreased linearly as the number of items presented in the display increased (see Figure 1) .
The dramatic and somewhat surprising result to emerge from Gallace et al.'s (2006a) research is that error rates became very high (Ͼ50%) whenever more than 2 tactile stimuli were presented (see also Alluisi, Morgan, & Hawkes, 1965; Geldard & Sherrick, 1965; Posey & James, 1976; cf. Lakatos & Shepard, 1997) . However, it is important to note that we still do not know how these limits might change when the tactile stimuli presented across the body group to form recognizable patterns (e.g., triangles, squares, diamonds, etc; cf. Schotz, 1958) . Indeed, on the basis of the visual literature it should be expected that better performance would be observed when the stimuli are organized perceptually to form simple patterns (e.g., Atkinson, Francis, et al., 1976b) .
There are many ways of displaying coherent patterns across the body surface. At one extreme, dense arrays are used over a relatively small stimulation area covering the distal pad of a finger or the palm of a hand (Iwata, Yano, & Kawamura, 2002; Linvill & Bliss, 1966; Pawluk, Buskirk, Killebrew, Hsiao, & Johnson, 1998; Summers & Chanter, 2002) . At the other extreme, sparsely spaced tactors are used over a relatively large area covering the trunk and sometimes the arms and legs as well (Bach-y-Rita et al., 1969; Geldard, 1966b; Rupert, 2000) . In an earlier attempt to investigate this topic, Sherrick (1995) presented vibrotactile stimuli to ten possible locations across the body surface. Their results showed that increasing the number of stimuli and the degree of overlap between the patterns to be compared by the participants resulted in an increasing number of errors in detecting the similarity or difference between consecutively presented patterns (see also Geldard, 1968) . Current research in our laboratory is now underway in order to investigate more extensively the perception of tactile patterns over the whole body surface.
It should be noted that the limitations encountered in Gallace et al.'s (2006a Gallace et al.'s ( , 2007a ) tactile information processing studies appear to be much more severe than those reported previously on the basis of studies when stimuli have been presented to the hands/fingers instead (though see Geldard, 1968 , for the report of better performance obtained in a pattern recognition task under conditions in which the stimuli were presented to the body as compared to conditions in which the stimuli were presented to the fingers). As such, these results immediately provide an important constraint on the amount of information that can be presented at any one time using tactile stimulation over the body surface. In particular, they suggest that tactile stimulation might be most effective in alerting an interface operator, or in conveying directional information (see von Haller Gilmer, 1960; Hennessy, 1966; Ho, Tan, & Spence, 2005) , rather than in presenting multiple stimuli at the same time.
However, it is important to note that when presenting tactile stimuli in any experimental setup, it is likely that there will always be a number of uncontrolled sources of tactile stimulation on the participant's body at the same time, but which cannot be fully controlled Gallace et al.'s (2006a) 
tactile numerosity judgment experiments. A) Positions on the body where the tactors were placed (note that one tactor was placed on the left side of participant's lower back, and is not represented in this picture). B) Mean error rates and RTs (on different axes) as a function of the number of tactile stimuli presented. Error bars represent the standard errors of the means.
by the experimenter (i.e., such as the feeling of the participants' clothing on their bodies, the feeling of their contact with the chair on which they are sitting, the pressure of the fingers/foot on response buttons, etc.; although see Graziano, Alisharan, Hu, & Gross, 2002) . These uncontrolled variables might in part explain certain differences between the results in information processing reported between tactile and visual perception (nevertheless, we would also expect these uncontrolled tactile stimuli to be present in any other interface setting as well).
Recent research has also provided the first evidence of a tactile analog of the phenomenon of change blindness (see Gallace, Tan, Spence, 2005 , 2007a , with participants failing to detect a significant proportion (up to 30%) of positional changes between two consecutively presented tactile patterns even when separated by intervals as short as 110 ms and when a distractor was presented between the two to-be-compared tactile patters (see Figure 2) . Interestingly, in Gallace et al.'s (2005 Gallace et al.'s ( , 2006b Gallace et al.'s ( , 2007a ) studies, the failure to detect changes to tactile stimuli presented over the body surface was observed when no more than two to three tactors were activated. These results contrast with the findings reported in previous studies of visual change blindness, where failures to detect change are typically only reported for complex and detailed visual scenes containing at least five items (e.g., Rensink, 2000) . It may be the case that change blindness in touch as well as in vision might be related to the failure of a stimulus to reach awareness and/or draw spatial attention to itself within a multisensory/amodal spatial representation where the change took place (Gallace et al., 2006b ). This might be determined by the competition between concurrently stimulated positions (see Cole, Kentridge, Gellatly, & Heywood, 2003; Desimone & Duncan, 1995) , and/or the limited information processing resources available to humans (see Wright, Green, & Baker, 2000) . Neuroscientific support for this view comes from the results of a study reported by Downar, Crawley, Mikulis, and Davis (2000) . Using event-related fMRI, Downar and his colleagues highlighted the activation of a right-hemisphere network including the temporoparietal junction (TPJ) whenever participants had to detect visual, auditory, or tactile changes (see also Beck, Rees, Frith, & Lavie, 2001) . Interestingly, the right TPJ is an area that is consistently reported to be involved in the subjective awareness of spatial information (e.g., Karnath, Ferber, & Himmelbach, 2001; Vallar, 2001) .
The results of the recent behavioral studies reviewed here (e.g., Gallace et al., 2006b Gallace et al., , 2007a Gallace et al., , 2007b highlight important limitations in tactile information processing when stimuli are presented over the body surface (see also . In particular, these limitations seem to be more severe than those identified previously for visual information processing, and also more severe than those identified previously when tactile stimuli were presented to the hands. What appears clear then is that one cannot simply infer the limits constraining a person's ability to process tactile Gallace et al.'s (2006b) stimuli presented across the body surface on the basis of our current knowledge regarding tactile information processing on the hands or on the basis of limitations regarding visual information processing under apparently similar stimulation conditions.
Processing of Tactile Information Under Conditions of Multisensory Stimulation
The last few years have seen a gradual shift from the propensity to study information processing within individual sensory modalities toward the investigation of processes more related to the integration of information from different sensory modalities (e.g., Calvert, Spence, & Stein, 2004; Spence & Driver, 2004) . Researchers have argued that inputs from different sensory modalities may interact at many different stages of neural information processing, and that certain cognitive systems, such as the one thought to control the allocation of spatial attention, may be multisensorially constrained (e.g., Spence & Driver, 2004) . Therefore, it might be possible that limitations in the resources available for information processing are not modality-specific but are instead centrally determined and shared between different sensory modalities (e.g., Gallace, Auvray, et al., 2006; Gallace et al., 2006a; cf. Lavie, 2005) .
As noted earlier, the majority of previous studies of tactile information processing for stimuli presented across the body surface, including some of our own recent research in this area, have focused on conditions of unimodal tactile stimulation. While this obviously represents a sensible approach if one is trying to understand the fundamental limitations on tactile information processing, it is important to note that one also needs to study tactile information processing under conditions of multisensory stimulation. Indeed, the study of tactile processing when stimuli are simultaneously presented to other sensory modalities might enable one to derive constraints for the design of effective tactile interfaces for real-world environments and/or interactions that are ultimately more useful.
1
It is important to note here that in many real-world human-machine interface environments, the information available to an interface operator is often, if not always, multisensory in nature. That is, the main task for human-operators will not be just to monitor the information received via a tactile interface, but rather to use this information during a specific and alternative resource-consuming primary task (most likely involving highly cognitively demanding visual and/or auditory information processing; e.g., see Senders, Kristofferson, Levison, Dietrich, & Ward, 1967; Sivak, 1996) . Therefore, it becomes extremely important for research on the effectiveness of tactile interfaces to study their use under conditions of multisensory stimulus presentation. To date, virtually no research has attempted to investigate how the limits on tactile information processing change under conditions of multisensory stimulation.
At least two different and mutually exclusive predictions can be made in terms of the results that would be expected under such conditions of multisensory stimulus presentation: 1) Processing limitations on tactile information under conditions of dual task bimodal stimulation (where visual information must also be processed) are the same as (and predictable on the basis of) the performance reported in the unimodal stimulus displays. This would be expected if the neural systems processing visual and tactile stimuli are entirely independent (i.e., if they access separate unimodal resources, one for each sensory modality; see Martin, 1980; Wickens, 1980; cf. Duncan, Martens, & Ward, 1997; Hennessy, 1966; Lavie, 2005; Soto-Faraco & Spence, 2002) ; 2) The processing of tactile information is dramatically impaired under conditions of dual-task bimodal stimulation rela-1. One exception with regard to previous research in this area comes from the study of tactile aids to lipreading. There is evidence that the transmission of speech features (such as voicing) decreases under the tactual-visual bimodal condition as compared to the unimodal tactual condition due to low-level crossmodal perceptual interference (e.g., Yuan, Reed, & Durlach, 2003 , and that the ability to integrate cues across the two sensory modalities at both segmental and connected speech levels are limited, presumably due to insufficient training of high-level integration strategies (Kirman, 1973; Yuan et al., 2005). tive to conditions of unimodal stimulus presentation. This prediction follows on from the idea that dividing attention between two or more sensory modalities can lead to impaired performance when compared to performance under conditions where attention is focused on a single sensory modality instead (e.g., Spence & Driver, 1997; Spence, Nicholls, & Driver, 2001; Spence, Shore, & Klein, 2001) , and/or the same cognitive limitations affect processing of different stimuli, no matter their modality of origin. Moreover, a decrease in performance under conditions of multisensory stimulus presentation might be expected whenever tasks presented in different sensory modalities share the same processing resources.
The first empirical attempts to answer these important questions have recently been conducted by Gallace et al. (2007b) . Specifically, we investigated numerosity judgments using both unimodal and bimodal displays consisting of 1-6 vibrotactile stimuli (presented over the body surface) and 1-6 visual stimuli (seen on the body via mirror reflection). Participants in our study were required to count the number of stimuli regardless of the modality of presentation. Importantly, the accuracy of participants' bimodal numerosity judgments was not predicted by their performance on the unimodal displays. In fact, unspeeded bimodal numerosity judgments were significantly worse than would have been predicted on the basis of their performance on the unimodal numerosity judgment task (see Figure 3) . This result clearly suggests that cognitive resources and/or common processing systems may be shared between different sensory modalities (and for different tasks, such as change detection or numerosity judgments).
Other recent studies investigated whether the phenomenon of tactile change blindness (Gallace et al., 2005 (Gallace et al., , 2006b (Gallace et al., , 2007a ) might also be elicited crossmodally by the presentation of a visual mask (Gallace, Auvray, et al., 2006 ; see also Auvray, Gallace, Tan, & Spence, in press ). In particular, the participants in Gallace, Auvray, et al.'s (2006) study were required to make same versus different judgments regarding two successively presented displays composed of 2-3 vibrotactile stimuli presented across the body surface. Their results confirmed previous observation regarding the presence of the phenomenon of change blindness in tactile perception (Gallace et al., 2005 (Gallace et al., , 2006c (Gallace et al., , 2007a . That is, change detection performance was found to be near-perfect when the two displays were presented one directly after the other, but participants failed to detect many of the changes between the two tactile displays when they were separated by an empty interval (cf. Gallace et al., 2005 Gallace et al., , 2006b ).
However, the most interesting and critical data to emerge from this experiment was that tactile change detection performance deteriorated still further when the presentation of a local (i.e., a mudsplash) or global visual transient coincided with the onset of the second tactile pattern. Finally, it is important to note that this pattern of results was also obtained in a second experiment in which the visual stimuli were placed on the wall 2 m in front of the participant's head (rather then being placed on the participant's body and seen via mirror reflection; cf. Thomas, Press, & Haggard, 2006) . Therefore, once again, it appeared difficult to predict people's performance in a tactile discrimination task (one in which the stimuli were presented across the body surface) under conditions where visual stimuli were also presented (see Figure 4) .
Note that recent results obtained by Auvray et al. (2007) using visual displays (i.e., asking participants to detect the presence of visual changes between two consecutively presented patterns of stimulation) showed that visual change blindness cannot be elicited by the presentation of vibrotactile distractors at the same time as the change in the visual scene (at least for simple visual displays consisting of patterns of no more than two or three stimuli). The latter result can therefore be taken to suggest that stimuli presented via a tactile interface might not impair the processing of visual information (i.e., on a visual display).
The results of these recent studies of multisensory processing across the body surface might also be taken to suggest that using different sensory modalities in a redundant manner (i.e., when different modalities carry the same content of information) should improve the performance of human interface operators (cf. Spence, Shore, & Klein, 2001; Spence & Driver, 1997) . With reference to this point, it has recently been shown that when using a vibrotactile display mounted in a driver's seat, the performance of participants in a driving simulator setting was better when redundant multisensory (i.e., visuo-tactile) information was presented as compared to a condition involving unimodal stimulus presentation (van Erp & van Veen, 2004) . By contrast, it now appears clear that when the information carried by two (or more) sensory modalities is non-redundant (as in the recent studies performed in our laboratory), severe information processing limitations may arise. This important topic should therefore be further addressed in Figure 3 . The results from Gallace et al.'s (2007b) future research regarding tactile and, more generally, multisensory processing across the body surface.
6
The Role of Practice on Tactile Information Processing
Early studies on tactile information processing suggested that people can be trained to perceive more than 30 words per minute using the tactile alphabet "vibratese" (see Geldard, 1960 , for an early review of research in this area; see also von Haller Gilmer, 1961) . The large individual differences that have been reported in previous studies might also be consistent with the importance of practice in modulating tactile discrimination performance (see Craig, 1977 ; for the report of two sighted individuals who, once trained to use tactile displays, achieved a discrimination ability superior even to that of blind individuals who were highly experienced with such displays; cf. Craig, 1977; Kó bor, Füredi, Kovács, Spence, & Vidnyánszky, 2006) . It is therefore conceivable that any difference between the information processing capacities of the "hands" versus the rest of the body might, at least in part, be related to the fact that certain body parts are generally underused as receptor surfaces for information transfer (note however that the lower density of tactile receptors as one moves away from the fingers might play an important role in constraining tactile processing across the body surface). In other words, people may simply not be used to attending to large parts of their body surface (Godde, Gallace, Auvray, et al. 2006 , Gallace et al. 2006b Mahar, Mackenzie, & McNicol, 1994) .
Using neuroimaging techniques in humans, it has been shown that repeated stimulation of a specific body part can lead to an improvement of tactile discrimination performance for that part of the body and to a concomitant increase of activation across primary (SI) and secondary (SII) somatosensory cortical areas representing the stimulated body part (as measured using fMRI; Hodzic, Veit, Karim, Erb, & Godde, 2004; see also Elbert, Pantev, Wienbruch, Rockstroh, & Taub, 1995; Godde, Stauffenberg, Spengler, & Dinse, 2000 ; see also Recanzone, Jenkins, Hradek, & Merzenich, 1992 , for similar results obtained in neurophysiological studies of the monkey brain). Such results highlight the plasticity of the cerebral network processing sensory stimuli (including those presented on the body).
It is conceivable therefore that training participants to use their body surfaces as a means of perceiving information, and paying attention to information that is presented to certain parts of it (that they might not otherwise be used to attending to), might reduce, at least in part, any difference reported between processing in highly sensitive body areas like the hands and the rest of the body surface (e.g., E. J. see Elbert et al., 1995) . It should also be noted that certain limitations on information processing across the body might be hard-wired, whereas others might be susceptible to improvement given the appropriate practice/experience. This clearly represents another important area for future research.
Conclusions
The findings highlighted in this review show that it is only very recently that researchers have started to consider more extensively the fundamental role of cognitive (i.e., higher level), as well as the previously studied, peripheral, limitations on tactile information processing across the body surface. Recent studies have shown that people are limited in counting the number of stimuli presented at any one time on their body (at least when these stimuli are not configured to create/ represent a recognizable tactile pattern). Similarly, simple changes between two consecutively presented tactile patterns can often go unnoticed if the change does not give rise to a transient (i.e., when a gap is presented between the two patterns). Interestingly, the presentation of irrelevant visual information, together with tactile information that participants have to analyze, can lead to a disruption of tactile information processing.
These recent results highlight the important role played by central limitations in limiting tactile processing for stimuli presented across the body surface. Note that the suggestion regarding the importance of central, as compared to peripheral, limitations was only previously made on the basis of a limited number of studies on lip-reading by auditorily impaired individuals using tactile stimulation. Indeed, in this earlier research, it was shown that the poor performance obtained when using bimodal conditions of stimulus presentation (i.e., tactile and visual) was likely related to the poor strategies used by participants (thus showing a high-level constraint limiting tactile information processing; e.g., Bernstein, Auer, & Tucker, 2001) .
Other limitations that have not as yet been extensively studied might also be shown to affect the tactile information processing of stimuli presented across the body surface. In particular, we still do not know the limitations of temporal processing for stimuli presented on the body rather than on the hands (e.g., Lechelt, 1975) . Temporal tactile information processing might also be affected by the phenomenon of "attentional blindness" (e.g., Hillstrom et al., 2002) . Indeed, in visual as well as in tactile perception on the fingertips, it has been demonstrated that participants often fail to report the second of two targets in a sequence of events when both must be reported, and the second appears shortly after the first. Given that interface operators might be required to expect a particularly important signal during an ongoing stream of continuously time-varying information, it will be extremely important to determine whether the events following soon after such a signal can be correctly detected or not, and what the conditions are, if any, that lead to improved target detection (i.e., by varying the time between successive events and/or their position across the body; cf. Soto-Faraco & Spence, 2002) .
These limitations have now started to be more extensively addressed, but a large research effort is still needed in order to understand the many different aspects of tactile processing across the body surface. Studying the central limitations affecting tactile information processing across the body under conditions of both unimodal and multisensory stimulation may assume an even greater importance in the years to come, given the sensory decline that is predicted to affect the growing aging population (e.g., Hein & Schubert, 2004; Sekuler & Blake, 1987; Stevens & Choo, 1996; Talland, 1964) . Tactile interfaces might increasingly provide an additional means of stimulation for elderly individuals experiencing a reduction in sensory sensitivity in different sensory modalities (though note also that tactile sensitivity deteriorates, to some degree, over the lifespan, perhaps requiring itself additional source of stimulation; see Cauna, 1965; Schimirgk & Rüttinger, 1980; see Harry, Niemi, Priplata, & Collins, 2005; Moss & Milton, 2003; Priplata, Niemi, Harry, Lipsitz, & Collins, 2003;  for recent examples of tactile stimulation being used for improving stability in the posture of elderly people).
In this literature review, we have suggested the importance of studying tactile information processing under condition of multisensory, in addition to unisensory, stimulation. Tactile interfaces are far more likely to be used under conditions where many sources of information are provided to human operators at the same time. Finally, the importance of practice in overcoming any limitations in our ability to perceive information distributed over the body surface should always be taken into account when exploring the processing capability of human interface interactions. The results of research on these topics will provide important information for the development of effective tactile interfaces for human operators in the years to come.
